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Abstract 

The Einstein-Hilbert-type action for nonlinear supersymmetric(NLSUSY) 
general relativity(GR) proposed as the fundamental action for nature is writ- 
ten down explicitly in terms of the fundamental fields, the graviton and the 
Nambu-Goldstone(NG) fermion(superons). For comparisons the expansion of 
the action is carried out by using the affine connection formalism and the 
spin connection formalism. The linearization of NLSUSY GR is considered 
and carried out explicitly for the N=2 NLSUSY(Volkov-Akulov) model, which 
reproduce the equivalent renormalizable theory of the gauge vector multiplet 
of N=2 LSUSY. Some characteristic structures including some hidden sym- 
metries of the gravitational coupling of superons are manifested (in two di- 
mensional space-time) with some details of the calculations. SGM cosmology 
is discussed briefly. 
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1. Introduction 

Supersymmetry(SUSY)[l][2][3]is recognized as the most promissing gauge symme- 
try beyond the standard model(SM), especially for the unification of space-time and 
matter. In fact the theory of supergravity(SUGRA) is constructed based upon the 
local SUSY, which brings the breakthrough for the unification of space-time and 
matter [4] [5]. Consequently Nambu-Goldstone(N-G) fermion [2] [6] would appear in 
the spontaneous SUSY breaking and plays essentially important roles in the unified 
model building. 

Here it is useful to distinguish the qualitative differences of the origins of N-G 
fermion. In O'Raifeartaigh model[7] N-G fermion stems from the symmetry of the 
dynamics(interaction) of the linear representation multiplet of SUSY, i.e. it corre- 
sponds to the coset space coordinates of G/H where G and H are realized on the 
field operators. While in Volkov-Akulov (V-A) model [2] N-G fermion stems from 
the degrees of freedom (d.o.f.) of the symmetry (breaking) of spacetime G/H in 
terms of the (supersymmetric) geometrical arguments and gives the nonlinear(NL) 
representation of SUSY. 

As demonstrated in SUGRA coupled with V-A model it is rather well understood 
in the linear realization of SUSY(L SUSY) that N-G fermion is converted to the 
longitudinal component of spin 3/2 gravitino field by the super-Higgs mechanism 
and breaks local linear SUSY spontaneously by giving mass to gravitino [11]. N-G 
fermion degrees of freedom become unphysical in the low energy. 
The SM and the grand unified theory(GUT) equiptted naively with SUSY have re- 
vealed the remarkable features, e.g. the unification of the gauge couplings at about 
10 17 , relatively stable proton(now almost excluded in the simple model), etc., but in 
general they possess more than one hundred arbitrary parameters and particles and 
less predictive powers and the gravity is out of the scope. While, considering seri- 
ously the fact that SUSY is naturally connected to spacetime symmetry, it may be 
interesting to survey other possibilities concerning how SUSY is realized and where 
N-G fermion degrees of freedom have gone (in the low energy). 
Facing so many fundamental elementary particles (more than 160 for SUSY GUTs) 
and arbitrary coupling parameters, we are tempted to suppose that they may be cer- 
tain composites and/or that they should be attributed to the particular geometrical 
structure of spacetime. In fact, concerning SUSY the various types of the compos- 
ite models of the elementary particles are proposed [8] [9]. In Ref.[8], N-G fermion 
is considered as the fundamental constituents of matter (quarks and leptons) and 
the field theoretical description of the model is attempted. From the viewpoints 
of simplicity and beauty of nature the unified theory should accommodate all ob- 
served particles in a single irreducible representation of a certain algebra(group) 
especially in the case of spacetime having a certain boundary. In Ref. [10] we have 
found group theoretically that among the massless irreducible representations of all 
SO(N) super-Poincare(SP) groups N=10 SP group is the only one that contains 
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the strong-electroweak standard model(SM) with just three genarations of quarks 
and leptons, where we have decomposed 10 supercharges into 10 = 5 + 5* with re- 
spect to SU(5). Interestingly, the quantum numbers of the superon-quintet are 
the same as those of the fundamental representation 5 of the matter multiplet of 
SU(5) GUT [12]. Regarding 10 supercharges as the hypothetical fudamental spin 
1/2 particles (superons j-quintet and anti-quintet, we have proposed the composite 
superon-graviton model(SGM) for nature[10]. In SGM, all observed elementary 
particles including gravity are assigned to a single irreducible massless representa- 
tion of SO(10) super-Poincare(SP) symmetry and reveals a remarkable potential for 
the phenomenology, e.g. they may explain naturally, though qualitatively at mo- 
ment, the three-generations structure of quarks and leptons, the stability of proton, 
the origins of various mixing angles, CP-violation phase and the (small) Yukawa 
coupling constants, ..etc[10][14]. And except graviton they are supposed to be the 
(massless) eigenstates of superons of SO(10) SP symmetry [15] of space-time and 
matter. This group theoretical argument and the structure of the supercurrent[13] 
indicate the field- current ( charge) identity for the fundamental theory, i.e. N=10 NL- 
SUSY Volkov-Akulov(VA) model [2] in curved spacetime. The uniqueness of N=10 
among all SO(N) SP is pointed out. The arguments are group theoretical so far. 
In order to obtain the fundamental action of SGM which is invariant at least under lo- 
cal GL(4,R), local Lorentz, global NL SUSY transformations and global SO(10), we 
have performed the similar geometrical arguments to Einstein genaral relativity the- 
ory(EGRT) in high symmetric SGM space-time, where the tangent (Riemann-flat) 
space-time is specified by (the coset space coordinates corresponding to) N-G fermion 
of NL SUSY of V-A[2] in addition to the ordinary Lorentz SO(3,l) coordinates [10], 
which are locally homomorphic groups [16]. As shown in Ref.[16] the SGM action for 
the unified SGM space-time is defined as the geometrical invariant quantity and is 
naturally the analogue of Einstein-Hilbert(E-H) action of GR which has the similar 
concise expression. And interestingly it may be regarded as a kind of a generaliza- 
tion of Born-Infeld action [18]. (The similar systematic arguments are applicable to 
spin 3/2 N-G case. [17]) 

In this article, after a brief review of SGM for the self contained arguments we write 
down SGM action in terms of the fields of graviton and superons in order to see some 
characteristic structures of our model and also show some details of the calculations. 
For the sake of the comparison the expansions are performed by the affine connec- 
tion formalism and by the spin connection formalism, which are equivalent to the 
power series expansions in the universal coupling constant (the fundamental volume 
of four dimensional spacetime). 

Finally some hidden symmetries, the linearlization(i.e.,the derivation of the equiv- 
alent low energy theory) of SGM and a potential cosmology, especially the birth of 
the universe are mentioned briefly. 
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2. Fundamental action NLSUSY General Relativity 

A nonlinear supersymmetric general relativity theory(NLSUSY GRT) (i.e., N=l 
SGM action ) is proposed. We extend the geometrical arguments of Einstein general 
relativity theory(EGRT) on Riemann spacetime to new (SGM) spacetime posessing 
locally NL SUSY d.o.f, i.e. besides the ordinary SO (3,1) Minkowski coordinate x a 
the SL(2C) Grassman coordinates ip for the coset space ^j^nfp^ turning subse- 
quently to the NG fermion dynamical d.o.f. are attached at every curved spacetime 
point. Note that S0(3,l) and SL(2C) are locally holomorphic non-compact groups 
for spacetime (coordinates) d.o.f., which may be analogous to SO (3) and SU(2) 
compact groups for gauge (fields) d.o.f. of 't Hooft-Polyakov monopole[19] [20]. We 
have obtained the following NLSUSY GRT(N=1 SGM) action[15] of the vacuum 
EH- type. 
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\ w \ = detw% = det(e% + t\(^)), t%(i/i) = —ty-fd^ - 9^7», (2) 

where w a p[x) is the unified vierbein of SGM spacetime, G is the gravitational con- 
stant, k 4 = (jf^j) -1 is a fundamental volume of four dimensional spacetime of 
VA model [2], and A is a small cosmological constant related to the strength of 
the superon-vacuum coupling constant. Therefore SGM contains two mass scales, 
^(Planck scale) in the first term describing the curvature energy and k ~ ^(0(1)) 
in the second term describing the vacuum energy of SGM, which are responsible 
for the masss hierarchy. e a M is the ordinary vierbein of EGRT describing the local 
SO(3,l) d.o.f and t a p(ip) itself is not the vierbein but the mimic vierbein analogue 
composed of the stress-energy-momentum tensor of superons describing the local 
SL(2C) d.o.f.. VL is a new scalar curvature analogous to the Ricci scalar curvature R 
of EGRT, whose explicit expression is obtained by just replacing e a p(x) by w a p(x) 
in Ricci scalar R [17]. 

These results can be understood intuitively by observing that w a p(x) = e% + £%(■?/>) 
inspired by tu a = dx a + ^(ip^dip — dip'y' 1 ^) ~ w a pdx fM , where uj a is the NLSUSY 
invariant differential forms of VA[2], is invertible, i.e., 

1V^ a 6^ a t^ 1 a + pt^ ' a t^ a t pt^ a + K t a t pt^ a (3) 

which terminates with (t) 4 and Sp V = w a pf] a bW b 1/ and s^ v {x) = w^ a {x)w ua {x) are a 
unified vierbein and a unified metric tensor of NLSUSY GRT in SGM spacetime[15, 
17]. It is straightforward to show u^uy, = i] ab , SpyW^uii, 11 = i] ab , ..etc. As read out 
in (2), in contrast with EGRT we must be careful with the order of the indices of the 
tensor in NLSUSY GRT, i.e. the first and the second index of w (and t) represent 
those of the 7-matrix and the derivative on ip, respectively. It seems natural that 
the ordinary vierbein e a p and the mimic vierbein t a p of the stress-enery-momentum 
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tensor of superon are alined and contribute equally to the unified vierbein w a ll , i.e. 
to the curvature (total energy) of unified SGM spacetime, where the fundamental 
action of NLSUSY GRT is the vacuum (empty space) action of EH-type. 
NLSUSY GR action (1) is invariant at least under the following transformations [21]; 
the following new NLSUSY transformation 

S NL iP = - 2 C + m 2 (C7 p VW, 8 NL e% = i« 2 (CVV) ( 4 ) 

where ( is a constant spinor and d[ p e a M ] = d p e a M — <9 M e%, 
the following GL(4R) transformations due to (4) 

6 c w% = Cd„w\ + d,Cw\, S c s^ = Cd K s^ + d^ K s KV + d^s^, (5) 

where £ p = m 2 {C, r ) p '^), an d t ne following local Lorentz transformation on w a p 

S L w% = e\w\ (6) 

with the local parameter e a b = (l/2)e[ab](x) or equivalently on ip and e a fl 

4 

S L ip = ~e ab a ab ^, S L e% = e\e\ + ^e abcd ^ ld ^e hc ). (7) 
The local Lorentz transformation forms a closed algebra, for example, on e a p 

[S L Me% = (3\e\ + ^e abcd ^ l5l MdM, (8) 

where (3 a b = —fiba is defined by f3 a b = e 2ac ei c f, — e 2 fc c ei c a . The commutators of two 
new NLSUSY transformations (4) on ip and e% are GL(4R), i.e. new NLSUSY (4) 
is the square-root of GL(4R); 

[5 (l M1> = S"0^, [5 Cl ,5 C2 ]e% = Z»d p e% + e%d^, (9) 

where S M = 2m(^27 M Ci) — £i£2 e a /i (^[p e °<r])- They show the closure of the algebra. 
The ordinary local GL(4R) invariance is trivial by the construction. Besides these 
familiar and intended symmetries, the unified vierbein w a lx , therefore SGM action, 
is invariant under the following local spinor translation(ST) with the local spinor 
paremeter 9(x); Sip = 8, Se a ll = — m 2 (#7 a <9 M -?/> + tp^d^O). The commutators vanish 
identically. Note that the NG fermion d.o.f. ip can be transformed (redefined) away 
neither by this local ST, in fact, w(e + Se, t(ip + Sip)) = w(e + t(ip), 0) = w(e, t(ip)) 
under 6{x) = —ip(x) as indicated Sw a p (x) = 0(an invariant quantity) nor by the or- 
dinary general coordinate transformation d.o.f. ScL{AR)£ a n, for the unconstrained 
such d.o.f. are reserved for the arbitrary on-shell (gauge) condition for (surviving) 
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e a M itself. Otherwise, Sgl^r)^^ induces a restricted and pathological on-shell con- 
ditions. Therefore NLSUSY spacetime d.o.f. is preserved. Taking if) = by hand 
makes SGM another theory(EH theory) based upon another flat space(Minkowski 
spacetime). This local spinor coordinate translation invariance is somewhat puz- 
zling(immature) so far but is the origin of (or recasted as) the local spinor gauge sym- 
metry of the linear SUSY gauge field theory (SUGRA-analogue yet to be obtained 
by the linearization) which is equivalent to SGM and the mass generation through 
the super-Higgs mechanism in the spontaneous symmetry breakdown. The exten- 
sion to N=10, i.e. SO(10) SP is straightforward by taking tp j , (j = 1,2, „10)[15]. 
Now NLSUSY GRT action (1) is invariant at least under the following spacetime 
symmetries [21] 

[new NLSUSY] <g> [local GL(4, R)] <g> [local Lorentz] <g> [local ST], (10) 

which is isomorphic to N=l SP group of SUGRA. The extension to N=10, i.e. 
SO(10) SP is straightforward by taking (j = 1,2, ..10)[15]. 

As for the internal summetry we just mention that w a ^ is invariant under the local 
U(l) transformation ipj — ► e lXj ^ipj due to the Grassman(Majorana spinor) nature 
= 0, i.e. (1) with N-extension is invariant at least under 

[global SO{N)] <g> [local U(1)] N . (11) 

Therefore the action (1) describes the vacuum energy (everything) of the ultimate 
spacetime and is NLSUSY GRT, a nontrivial generalization of the EH action. It 
should be noticed that SGM action (1) posesses two types of flat space which are 
not equivalent, i.e. SGM-flat(u> a M (:r) — > 5 a ^) and Riemann-flat(e a M (:r) — > 5 a ll ). As 
discussed later this structure plays impotant roles in the spontaneous breakdown of 
spacetime and in the cosmology of SGM (1). The linearization of SGM action (1) and 
identifying an equivalent, local and renormalizable gauge field theory is inevitable 
to test SGM scenario, though some characterictic predictions are presented [10, 15] 
qualitatively. 

Finally we just mention the hidden symmetries characteristic to SGM. It is natural 
to expect that SGM action may be invariant under a certain exchange between e a jJl 
and t a n, for they contribute equally to the unified SGM vierbein w a fl as seen in (16). 
In fact we find, as a simple example, that w a fJi and w a M , i.e. SGM action is invariant 
under the following exchange of e a M and t a M (in 4 dimensional space-time). 

P a - Of a + a - P a _ + a 

° ^ [11 v /J 1-11 

e/ — e ", (12) 
or in terms of the metric it can be written as 

, g^^ $»> > - t^. (13) 
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This can be generalized to the following form with two real(one complex) global 
prameters, 



t a 

J-b „ V4-CL 



b t% a | ■ (ID 



/0 2(a + l) -2(a 2 -/5) 
* 1 -(2a +1) 2(a 2 -/3) 
\1 -(3a + 2) 2a(2a + 1) -3/3+ 1 

The physical meaning of such symmetries remains to be studied. 
Also SGM action has Z2 symmetry ift — > —ift. 

Now to clarify the characteristic features of SGM we focus on N=l SGM for sim- 
plicity without loss of generality and write down the action explicitly in terms of 
t%(or ip) and g^ u (or e a p). We will see that the graviton and superons (matter) are 
complementary in SGM and contribute equally to the curvature of SGM space-time. 
Contrary to its simple expression (1), it has rather complicated and rich structures. 
To obtain (1) we require that the unified action of SGM space-time should reduce to 
V-A in the flat space-time which is specified by x a and ip(x) and that the graviton 
and superons contribute equally to the unified curvature of SGM space-time. We 
have found that the unified vierbein w a ^(x) and the unified metric Sp U (x) of unified 
SGM space-time are defined through the NL SUSY invariant differential forms u a 
of V-A[2] as follows: 

u a ~ w%dx», (15) 
w%(x)=e%(x)+t%(x), (16) 

where e a ^(x) is the vierbein of EGRT and t a ^(x) is defined by 

t\{x) = iK^-fd^, (17) 

where the first and the second indices of t a ^ represent those of the 7 matrices and 
the general covariant derivatives, respectively. We can easily obtain the inverse wj 1 
of the vierbein w a p in the power series of t a M as follows, which terminates with t 4 (for 
4 dimensional space-time): 

t^ a -\~ t^ a t^ p a t pt^ a + a t pt a t^ K . (18) 

Similarly a new metric tensor Sp V [x) and its inverse s tiU (x) are introduced in SGM 
curved space-time as follows: 

Sp U (x) = W a p(x)w av (x) = W a ^(x)7] ab W b u (x) 

~l~ ^\xv ~l" tup, ^ 'ptpv (19) 

and 

s^(x) = w/(x)w av (x) 
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= <r 

V V pV a V L pL p V V a V p V V pV a 

l+PM+O" +V I fpVfO J-K -At 

-TV V pL a b K T V V pV a L K 

+t^t p a t%t V o + t u °t p a t%t\ + t p H\t%t\. (20) 

We can easily show 

w/«V = Vab, Sp U w a fl w b u = T] ab . (21) 

It is obvious from the above general covariant arguments that (1) is invariant under 
the ordinaly GL(4,R). 

By using (16), (18), (19) and (20) we can express SGM action (1) in terms of e a ll (x) 
and i(^(x), which describes explicitly the fundamental interaction of graviton with 
superons. The expansion of the action in terms of the power series of k (or t a p) 
can be carried out straightforwardly. After the lengthy calculations concerning the 
complicated structures of the indices we obtain 



c 3 A c 3 
Lsgm = -J^elw-Al - j^eR 

+ l -{g^d"dpt { p v) -t { p v) d"dpg^ 

W v d p t { , a) d°gp V - 2g^d p t { ^g pa - g^g pa d K t {pa) d K g^ 
-2{t%t pv + t%t p » + tm%)R^ 

+ \ t ^\g p °d»d v t ( p a) - g p °d p dpt {av) + ...)} 

+{0(t 3 )} + {0(t 4 )} + ... + {0(t 10 )})], (22) 

where e = dete a p, = t^ u + t vp , t^ v ) = + t Vjl , and luv-^l = detw a b is the flat 
space V-A action [2] containing up to 0(t 4 ) and R and Rp U are the Ricci curvature 
tensors of GR. 

Remarkably the first term can be regarded as a space-time dependent cosmologi- 
cal term and reduces to V-A action [2] with kv-a' 1 = y§^g^ i n the Riemann-flat 
Ga^{x) — > Sa^ space-time. The second term is the familiar E-H action of GR. These 
expansions show the complementary relation of graviton and (the stress-energy ten- 
sor of) superons. The existence of (in the Riemann-flat space-time) NL SUSY in- 
variant terms with the (second order) derivatives of the superons beyond V-A model 
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are manifested. For example, the lowest order of such terms appear in 0{t 2 ) and 
have the following expressions (up to the total derivative terms) 




e abcd e a ef9 d c t (be) d f t (dg) . 



(23) 



The existence of such derivative terms in addition to the original V-A model are 
already pointed out and exemplified in part in [22]. Note that (23) vanishes in 2 
dimensional space-time. 

Here we just mention that we can consider two types of the flat space in SGM, 
which are not equivalent. One is SGM-flat, i.e. wj 1 (x) — > 5^, space-time and the 
other is Riemann-flat, i.e. e a ^(x) — > 5 a M , space-time, where SGM action reduces to 
— lfwl; an d — if^b Iw-aI — j§^q (derivative terms), respectively. Note that SGM- 
flat space-time allows non trivial Riemann space-time. 

3. NLSUSY GR in two dimensional(2D) space-time 

It is well known that two dimensional GR has no physical degrees of freedom ( 
due to the local GL(2,R)). SGM in SGM space-time is also the case. However the 
arguments with the general covariance shed light on the characteristic off-shell gauge 
structures of the theory in any space-time dimensions. Especialy for SGM, it is also 
useful for linearlizing the theory to see explicitly the superon-graviton coupling in 
(two dimensional) Riemann space-time. The result gives the exact expansion up to 
0(t 2 ) in four dimensional space-time as well. 
3.1 2D NLSUSY GR in afRne connection formalism 

Now we go to two dimensional SGM space-time to simplify the arguments without 
loss of generality and demonstrate some details of the computations. We adopt firstly 
the affine connection formalism. The knowledge of the complete structure of SGM 
action including the surface terms is useful to linearlize SGM into the equivalent 
linear theory and to find the symmetry breaking of the model. 
Following EGRT the scalar curvature tensor Q of SGM space-time is given as follows 



The straightforwad expression of SGM action (1) in two dimensional space-time, is 
given as follows 



= s^RrV + r%rV) - { lower indices^ <->«)}], 



(24) 



where the Christoffel symbol of the second kind of SGM space-time is 



(25) 



c 



,3 



L-2dSGM — 



167rG 



e{l + t\ + -{t\t\ - t a b t\)}(g^ - iWri + t 2 ^) 
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x [{\d»{g a ° - + P^)d^(g &a + t ( , d) + t 2 (CTa) ) 
+\{g a ° - t (aa) + P^)^^ + + tW 

— {lower indices(fj, <-> a)} 

+{^(<T " ^ + ^R^A + t ( , A) + t 2 ((J/i) ) 

( ^A P _ f (Ap) + P(AP) )9 . ( ^ + £( . q) + 

— {lower indices([i <-> a)}] 

c 3 A 

-16^ e|W " A| ' 



(26) 



where we have put 

S a (3 - 9af3 + t( a/3 ) + t {af3) , S Cj 6 H > + t H > , 

= t ^ + ^ p(^) = t /y^ + t v p t p » + tT p , (27) 

and the Christoffel symbols of the first kind of SGM space-time contained in (25) 
are abbreviated as 

d^au = d^g cv + d u g pa - d a g^, 

(28) 



By expanding the scalar curvature f2 in the power series of t, we have the expression 
of two dimensional SGM (22) which terminates with t 4 . 



3.2 SGM in the spin connection formalism 

Next we perform the similar arguments in the spin connection formalism for the 
sake of the comparison. The spin connection Q ab p and the curvature tensor £l ab IM , 
in SGM space-time are as follows; 

Qab,i = ^{w[ a p d\^w b]p - w [a p d\ p \w b]p - w [a p w b fw cp d p w c a ), (29) 

n ab ^ = d { ,Q ab u] +Q a c[ ,Q cb u] . (30) 

The scalar curvature Q of SGM space-time is defined by Q = w a ^w b u Vt ab ^y. Let us 
express the spin connection Q ab p in two dimensional space-time in terms of e a fl and 
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t a ' n as 



Qab, = + T« + T a ( £ + T a ( £, (31) 



where u; a b M [e] is the Ricci rotation coefficients of GR, and , T^P and are 
defined as 

T ln = t^^H^Ip ~ t p [ a d M e b]p - e [a p d\ p \t b]lM + t p [a d\ p \e b]p 

-e [a p e b] a e c ^d p t c a + e [a [p t a] b] e cp d p e c a - e [a p e b ft cp d p e c a ), (32) 

(2) 1 / (7 (7 

T ab^ = -j(- tP [ a d\p\t b ] p + t p [ a t a \ p d^e b ] a + t p [a d\ p \t b]p - t p [a t a \ p d a \e b ] p 

~^~^[a^ > ^ ^ b]^cfi9 p t a &[a P &b] tc/j,9 p t a 6[ tt ^^ ^ a^cfj,9 p € \ 

-t p {a t\\e C pd P e\ + e^^dpe^), (33) 
T abl = -^(t p [a t a lp d^t b]a - t p [a t a \ p d a \t b]p 

-e [a [p t^ b] t x le c ^d p t c x - t p [a r b] e c ^d p t c a + e [a H\t c ^d p t c a ), (34) 

where t» a = e b p e a v t h v Note that T a ( g and T a { g can be written by using the spin 
connection w ab ^[e] of GR as 



T ab\ = e [a p D M t b]p + -e [a p e b] a d p t [p&] , (35) 
T^l = -t p „e [a °D M t b]p + l -e [a p e b ft cp b p t c a 

-\e [a p e b fd p {t cpi t c a ) - h p x e [a x e b fd p t [p&h (36) 

where D p t av := d p t au + u abp t b u and dpt\p & ] ■= d p t [pa ] + d a t M - d p t( api ). Then we ob- 
tain straightforwardly the complete expression of 2 dimensional SGM action(N=l) 
in the spin connection formalism as follows; namely, up to 0{t 2 ) 

c 3 A 

L2dSGM = — lQ n Q 6 \ Wv - A \ 



C 3 



>.\w V - A \[R - tt pv R» u + 2e a ^e^\b,e a p )D v t bp + D p (g pp g^d,t [pa] ) 



16nG 

+2{t p H% + t pl/ t% + t pp t\)R pv + & p h^R pupa 

W + <7*W - g° [p g m g Kp )e a a e b K (b p t ap )t) u t b x 
+g p[p g^ ] g° x e\{D p t ap )d u t [XK] + \g p[ ^V\d^ &] )da [Xk] 
-2(g p ^e m D^e aa + e c K w " ] D ^e c 



p 
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-e^g\^\b^)t b{p b\ v \t b a] - g p »e a »e b °{b,e b x )t aX d,t [f)a] 
-D^g^dpitaXa) + 2g^d ty >&] } + {0(t 3 )} + {0(t 4 )}, (37) 

where D^T au := d^T au + u abfl T b u and D^e a v := d^e a v + T^e a x . 

4. Linearization of N=2 NLSUSY 

The expansion of the SGM action in terms of graviton and superons (N-G fermions) 
with spin-1/2 reveals a very complicated and rich structure; indeed, it is a highly 
nonlinear one which consists of the Einstein-Hilbert action of the general relativity, 
the V-A action and their interactions. Also, the SGM action is invariant under at 
least [global nonlinear SUSY] <g> [local GL(4, R)] <g> [local Lorentz] <g> [global SO(N)] 
as a whole, which is isomorphic to the global SO(N) super- Poincare symmetry. 

In the SGM the (composite) eigenstates of the linear representation of SO(10) 
super-Poincare algebra which is composed of superons are regarded as all observed 
elementary particles at low energy except graviton [10, 15]. For deriving the low 
energy physical contents of the SGM action, it is important to linearize such a highly 
nonlinear theory and to obtain an equivalent renormalizable theory. In this respect 
the relationship between the N — 1 V-A model and a scalar supermultiplet of the 
linear SUSY was well understood from the early work by many authors [23] . 

In this section we restrict our attention to the N = 2 SUSY and discuss a con- 
nection between the V-A model and an N = 2 vector supermultiplet of the linear 
SUSY in four-dimensional spacetime[28]. In particular, we show that for the N = 2 
theory a SUSY invariant relation between component fields of the vector supermul- 
tiplet and the N-G fermion fields can be constructed by means of the method used 
in Ref. [23] starting from an ansatz given below (Eq. (47)). We also briefly discuss 
a relation of the actions for the two models. 

Let us denote the component fields of an N = 2 U(l) gauge supermultiplet, 
which belong to representations of a rigid SU(2), as follows; namely, for a physical 
complex scalar field, X l R (i = 1, 2) for two right-handed Weyl spinor fields and A a for 
a U(l) gauge field in addition to D 1 (I = 1, 2, 3) for three auxiliary real scalar fields 
required from the mismatch of the off-shell degrees of freedom between bosonic and 
fermionic physical fields."'" A^ and D 1 belong to representations 2 and 3 of SU(2) 
respectively while other fields are singlets. By the charge conjugation we define 
left-handed spinor fields as Xu = CX^. We use the antisymmetric symbols e tj and 
e ij ( f12 = e 2i — +1) to raise and lower SU(2) indices as = e tj tpj, ipi = e^ 3 '. 

* Minkowski spacetime indices are denoted by a,b,... = 0,1,2,3, and the flat metric is rf h = 
diag(+l, — 1, — 1, -1). Gamma matrices satisfy {"f a ,j b } = 2r] ab and we define j ab = |[7 a ,7 b ]- 
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The N = 2 linear SUSY transformations of these component fields generated by 
constant spinor parameters Cl are 

5 Q = -V2( R \ L , 

5 Q A a = -Khla^L ~ KrIc^R, 

SqD 1 = (lct'OXl + Cr^OXr, (38) 

where Cra = CClv F ab = d a A b — d b A a , and a 1 are the Pauli matrices. The con- 
tractions of SU(2) indices are defined as (r\l = (rAl, Cr^^l = CRii^Yj^Li e ^ c - 
These supertransformations satisfy a closed off-shell commutator algebra 

[S Q {Ci)MC2)]=Sp(v) + S g {6) 1 (39) 

where Sp(v) and S g (9) are a translation and a U(l) gauge transformation with pa- 
rameters 

V a = 2t(( 1Ll a ( 2L -( 1 Rl a (2R), 

9 = -v a A a + 2V2( 1L ( 2R <f> - 2V2( 1R ( 2L <f>*. (40) 
Only the gauge field A a transforms under the U(l) gauge transformation 

S g (9)A a = d a 9. (41) 

Although our discussion on the relation between the linear and nonlinear SUSY 
transformations does not depend on a form of the action, it is instructive to consider 
a free action which is invariant under Eq. (38) 



= / d A x \d a <j>P<j>* - -F 2 ab + i\ r $)\r + Ud 1 ) 2 - -^D 1 
J l 4 2 k 



(42) 



where k is a constant whose dimension is (mass)" 2 and £ 7 are three arbitrary real 
parameters satisfying (£ 7 ) 2 = 1. The last term proportional to /t" 1 is an analog 
of the Fayet-Iliopoulos D term in the N — 1 theories. The field equations for the 
auxiliary fields give D 1 = £ 7 / k indicating a spontaneous SUSY breaking. 

On the other hand, in the N = 2 V-A model [8] we have a nonlinear SUSY 
transformation law of the N-G fermion fields ip l L 

Ml = \C L - in (Cl7>l - CrI^r) dari, (43) 
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where ipm = Ctp^. This transformation satisfies off-shell the commutator algebra 
(39) without the U(l) gauge transformation on the right-hand side. The V-A action 
invariant under Eq. (43) reads 

S va = -^J d 4 x detw, (44) 
where the 4x4 matrix w is defined by 

w\ = 5 a b + kH\ t\ = -i^ Ll a d^ L + i^ Rl a d b ^ R . (45) 
The V-A action (44) is expanded in k as 



SyA = ' d X 



l + K H\ + l - K \t a a t\-t\t b a ) 



I l h b d 

^abcdt t e t ft g — —K € a bcd£ t e t ft g t h 



(46) 



We would like to obtain a SUSY invariant relation between the component fields 
of the N = 2 vector supermultiplet and the N-G fermion fields ip % at the leading 
orders of k. It is useful to imagine a situation in which the linear SUSY is broken 
with the auxiliary fields having expectation values D 1 = £ J / k as in the free theory 
(42). Then, we expect from the experience in the N = 1 cases [23][27]and the 
transformation law of the spinor fields in Eq. (38) that the relation should have a 
form 

D' = -e + 0( K ), 

K 

(other fields) = 0{k). (47) 

Higher order terms are obtained such that the linear SUSY transformations (38) are 
reproduced by the nonlinear SUSY transformation of the N-G fermion fields (43). 

After some calculations we obtain the relation between the fields in the linear 
theory and the N-G fermion fields as 
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^LO'^R (25 U 5 b a - (7 V 7a7 6 ) d b ^ L 



1 



-^Ll^R^RCT 1 foaled!* - Mladic) O^L + (L <-> R) 



K 



JJK; 



-\i> L v K i>R {d a ^R(J J a I a K 1 h 1 a d^ L - i> R (25 IK + o 1 a K ) a J U^ L ) 

+^Ll cd ^ R {d a $R<T J a I T b 7 cd j a d b il> L + $ R a I a J 'f lcd rfd a d b il> L } 

+ {L^R) +C(/t 5 ). (48) 

The transformation of the N-G fermion fields (43) reproduces the transformation 
of the linear theory (38) except that the transformation of the gauge field A a (iji) 
contains an extra U(l) gauge transformation 



where 



S Q A a (ij) = -iC,Lla^L{4>) - Kr^rW + d a X, 



The U(l) gauge transformation parameter X satisfies 

5q((i)x(( 2 ) - 5 Q (C 2 )x(Ci) = -e, 



(49) 



(50) 



(51) 



where 9 is defined in Eq. (40). Due to this extra term the commutator of two 
supertansformations on A a (ip) does not contain the U(l) gauge transformation term 
in Eq. (39). This should be the case since the commutator on ip does not contain 
the U(l) gauge transformation term. For gauge invariant quantities like F a ^ the 
transformations exactly coincide with those of the linear SUSY. In principle we can 
continue to obtain higher order terms in the relation (48) following this approach. 
However, it will be more useful to use the N = 2 superfield formalism as was done 
in Refs. [23] for the N — 1 theories. 
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We note that the leading terms of A a in Eq. (48) can be written as 
where we have defined Majorana spinor fields 

X = ^L+^RU <P = ill + tpR2- (53) 

When = £ 3 = 0, this shows the vector nature of the U(l) gauge field as we 
expected. 

The relation (48) reduces to that of the N — 1 SUSY by imposing, e.g. = 0. 
When f 1 = 1, £ 2 = £ 3 = 0, we find A L2 = 0, A a = 0, D 3 = and that the relation 
between (0, \ L1 , D 1 , D 2 ) and ty\ becomes that of the N — 1 scalar supermultiplet 
obtained in Ref. [23]. When = £ 2 = 0, £ 3 = 1, on the other hand, we find \ L1 = 0, 
= 0, D 1 = D 2 = and that the relation between (\ L2 , A a , D 3 ) and ty\ becomes 
that of the N — 1 vector supermultiplet obtained in Refs. [23, 27]. 

Our result (48) does not depend on a form of the action for the linear SUSY 
theory. We discuss here the relation between the free linear SUSY action Su n in Eq. 
(42) and the V-A action SVa in Eq. (44). It is expected that they coincide when 
Eq. (48) is substituted into the linear action (42) as in the N — 1 case [23, 27]. We 
have explicitly shown that Sn n indeed coincides with the V-A action Sva up to and 
including O(k ) in Eq. (46). 

Finally we summarize our results. In this paper we have constructed the SUSY 
invariant relation between the component fields of the N = 2 vector supermultiplet 
and the N-G fermion fields ip l L at the leading orders of k. We have explicitly showed 
that the U(l) gauge field A a has the vector nature in terms of the N-G fermion fields 
in contrast to the models with the N — 1 SUSY [27]. The relation (48) contains 
three arbitrary real parameters £ J / k, which can be regarded as the vacuum expecta- 
tion values of the auxiliary fields D 1 . When we put ip 2 L = 0, the relation reduces to 
that of the N — 1 scalar supermultiplet or that of the N — 1 vector supermultiplet 
depending on the choice of the parameters £ 7 . We have also shown that the free 
action S\ in in Eq. (42) with the Fayet-Iliopoulos D term reduces to the V-A action 
SVa in Eq. (44) at least up to and including O(k ). From the results in this section 
we anticipate the equivalence of the action of iV-extended standard supermultiplets 
to the iV-extended V-A action of a nonlinear SUSY. A U(l) gauge field, though an 
axial vector field for N=l case, is expressed by N-G field (and its highly nonlinear 
self interactions). The linearlization of N=2 V-A model is very important from the 
physical point of view, for it gives a new mechanism which generates a U(l) gauge 
field of the linearlized (effective) theory [25]. In fact, as for the linearlization of N=2 
V-A model, we have shown that a realistic U(l) gauge field, i.e. a vector gauge 
field, can be obtained by the systematic linearlization [28]. It is remarkable that 
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the renormalizable field theoretical model is obtained systematically by the linear- 
lization of V-A model. In our case of SGM, the algebra( gauge symmetry ) should 
be changed by the linearlization from (13) to broken SO(10) SP(broken SUGRA 
[4] [5]) symmetry, which are isomorphic. The systematic and generic arguments on 
the relation of linear and nonlinear SUSY are already investigated [26]. All these 
arguments are the encouraging and favourable results towards the linearlization of 
SGM. Indeed, we have recently discussed on some systematics in the linearization 
of SGM for N = 1 SUSY in the superspace formalism [29]. 



5. Discussions 

We have shown explicitly that contrary to its simple expression (1) in unified SGM 
space-time the expansion of SGM action shows very complicated and rich structures 
describing as a whole the gauge invariant graviton-superon interactions. The explicit 
expression of the expansion of SGM action is useful for determining the structure 
of the linear theory which is equivalent to SGM. 

The linearization of NLSUSY GRT(N=1 SGM) action (1), i.e. the construction 
(identification) of the renormalizable and local LSUSY gauge field theory which is 
equivalent to (1), is inevitable to derive the SM as the low energy effective theory 
of N=l SGM. Particularly N=10 must be linearized to test the composite SGM 
scenario, though some characterictic and accessible predictions, e.g. nutrino- and 
quark-mxings, proton stability, CP violation, the generation structure., etc. are ob- 
tained qualitatively by the group theoretical arguments[13] [15]. The linearizations 
of N=l and N=2 NLSUSY VA action in flat spacetime have been carried out explic- 
itly by the systematic arguments and show that they are equivalent to the LSUSY 
actions with Fayet-Iliopoulos terms for the scalar (or axial vector) supermultiplet[23] 
and the vector supermultiplet[27], respectively. These exact results obtained sys- 
tematically as the representations of the symmetries by the algebraic arguments are 
favourable and encoraging towards the linearization of SGM and the (composite) 
SGM scenario. We anticipate that the local spacetime symmetries of SGM men- 
tioned above plays crucial roles in the linearization, especially in constructing the 
SUSY invariant relations [23]. 

We regard that the ultimate real shape of nature is high symmetric new(SGM) 
spacetime inspired by NLSUSY, where the coset space coordinates ip of ^gl^r)'^ 
turning to the NG fermion d.o.f. in addition to the ordinaly Minkowski coordinate 
x a , i.e. local SL(2C) x local SO(3, 1) d.o.f., are attached at every spacetime point. 
The geometry of new spacetime is described by SGM action (1) of vacuum EE-type 
and gives the unified description of nature. As proved for EH action of GR[24], the 
energy of NLSUSY GR action of EH-type is anticipated to be positive ( A > 0). 
NLSUSY GR action (1), L(w) ~ wQ + wA, on SGM spacetime is unstable and 
induces the spontaneous (symmetry) breakdown into EH action with NG fermion 
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(massless superon-quintet) matter, L(e, iji) ~ eR + eA + (• • • k, if) • ■ -)[17], on ordi- 
nary Riemann spacetime, for the curvature-energy potential of SGM spacetime is 
released into the potential of Riemann spacetime and the energy-momentum of 
superon(matter), i.e. wQ > eR. As mentioned before SGM action poseses two dif- 
ferent flat spaces. One is SGM-flat (w a ^(x) -> 5%) space of NLSUSY GR action 
L(w). And the other is Riemann-flat (e a fl (x) — > <5 a ^) space of SGM action L(e,ip) 
which allows (generalized) NLSUSY VA action. This can be regarded as the phase 
transition of spacetime from SGM to Riemann (with NG fermion matter). Also 
this may be the birth of the present expanding universe, i.e. the big bang and 
the rapid expansion (inflation) of spacetime and matter, followed by the present 
observed expansion due to the small cosmological constant A. And we think that 
the birth of the present universe by the spontaneous breakdown of SGM spacetime 
described by vacuum action of EH- type (1) may explain qualitatively the observed 
critical value(~ 1) of the energy density of the universe and (the absence of) the 
gravitational catastrophe. It is interesting if SGM could give new insights into the 
unsolved problems of the cosmology, e.g. the origin(real shape) of the big bang, 
inflation (inflaton field), dark energy, matter-antimatter asymmetry, • • •, etc. 

In this study we have attempted a geometrical unification of spacetime and mat- 
ter. New (SGM) spacetime is the ultimate physical entity and specified by NLSUSY 
GRT (SGM action) (1) of vacuum EH-type. The study of the vacuum structure of 
SGM action in the broken phase (i.e. NLSUSY GRT action in Riemann spacetime 
with matter) is important for linearizing SGM and to obtain the equivalent local 
LSUSY gauge field theory. 

SGM with the extra dimensions, which can be constructed straightforwardly 
and gives another unification framework by regarding the observed particles as el- 
ementary, is open. In this case there are two mechanisms for the conversion of the 
spacetime d.o.f. into the dynamical d.o.f., i.e. by the compactification of Kaluza- 
Klein type and by the new mechanism presented in SGM. 

Besides the composite picture of SGM it is interesting to consider (elementary field) 
SGM with the extra dimensions and their compactifications. The compactification 
of w A m = £ A m + t A M, (A M — 0, 1, ..D — 1) produces rich spectrum of bosons and 
fermions, which may give a new framework for the unification of space-time and 
matter. 

Also SGM for spin | superon(N-G fermion) [17] is formally within the same scope. 
The cosmology of NLSUSY GR is open. 
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